ABSTRACT Bactrocera invadens (Diptera: Tephritidae) has spread rapidly across Africa and currently poses a phytosanitary threat to the fruit industry of South Africa. In reaction a cold mitigating treatment to provide phytosanitary security to importing countries was developed in Nairobi, Kenya. Using laboratory reared fruit ßies, the rate of development in ÔHassÕ avocado (Persea americana Miller) was determined at 28ЊC. Fruit ripeness or softness was found to be a factor improving larval fruit ßy survival. Using this information the egg and larval developmental stages were subjected to 2ЊC cold treatment and it was found that the third instars were the most cold tolerant life stage and that it was expected that between 16 and 17 d treatment would provide phytosanitary security. There were no survivors in the treatment of an estimated 153,001 individuals in four replicates at an average fruit pulp temperature of 2ЊC satisfying the Probit 9 level of efÞciency at a conÞdence of Ͼ95%. These data provide evidence that a continuous cold treatment of 1.5ЊC or lower for 18 d would provide phytosanitary security in that any consignment entering an importing country poses no risk of accidental importation of B. invadens.
A major obstacle to fruit growers in the southern hemisphere accessing lucrative export markets in the northern hemisphere is the presence of pest species not present in those countries. These industries have spent millions in developing mitigating treatments that satisfy the phytosanitary requirements of the importing countries that ensure that these pests will not be accidentally imported with any commodity consignment. Under these circumstances any new pest is viewed with concern and many of the fruit industries will be pro-active in neutralizing the threat and protecting their investments.
One of the new pests to threaten the African fruit industry is the tephritid Bactrocera invadens (Drew, Tsuruta & White) . This Ôpicture-winged fruit ßyÕ was described in 2005 and Sri Lanka was established as its probable country of origin (Drew et al. 2005) . Since it was Þrst detected along the Kenyan coast in 2003 (Lux et al. 2003) and shortly afterwards in Tanzania (Mwatawala et al. 2004) , it has been recorded in East, Central, and West Africa and further south where the species was isolated in Zambia, Mozambique, and Nambia in 2008 Muchugu 2007, Rwomushana et al. 2008a ). Five incursions have been recorded in South Africa, all of which have been, or are being, contained using male annihilation techniques and bait sprays (International Plant Protection Convention [IPPC] 2011). However, it is believed that the number and frequency of these incursions in South Africa are going to increase if neighboring countries do not start or intensify their eradication and control activities soon.
This fruit ßy has a large host range of over 40 species including avocado (Persea americana Miller) (Ekesi and Billah 2007 and references therein) although the primary host appears to be mango, Mangifera indica L. (Anacardiaceae) (Rwomushana et al. 2008a,b) . It is an aggressive ßy and, where conditions are favorable, it has been reported to out compete the indigenous Ceratitis cosyra (Walker) in mango (Ndiaye et al. 2008 , Ekesi et al. 2009 ).
If B. invadens becomes established in South Africa then fruit exports may be restricted unless the commodities are subjected to disinfestation treatments. There are numerous mitigating treatments available to the avocado industry. These include irradiation, chemical, hot water treatments, and cold treatment (Heather and Hallman 2008) but not all ensure fruit quality while meeting phytosanitary security standards. Cold is the treatment of choice for avocado as it has been established that 1ЊC for 20 d has no detrimental effect on ÔHassÕ avocado (Kok et al. 2010 ). In the United States cold treatment is accepted for mitigating Ceratitis fruit ßy risks in avocado at temperatures ranging from 1.1ЊC (14 d treatment) to 2.2ЊC (18 d treatment) (U.S. Animal and Plant Health Inspection Service [APHIS] 2010). The aim of this research was to demonstrate that cold treatment can be used to prevent the accidental importation of B. invadens in avocado.
Materials and Methods
The Þrst phase of the research was to establish the development of the various life stages in avocado at 28ЊC, the optimal temperature for B. invadens development determined by Rwomushana and co-workers (2008b) . Based on observations made during this experiment, a small trial was conducted into the relationship between ripeness or softness of Hass avocado and its acceptability as a host to B. invadens. The developmental stage (egg or larvae) that was most tolerant to cold was then determined (phase 2). This most tolerant stage was then subjected to 2ЊC for various lengths of time to determine the period needed to achieve the desired level (Probit 9 at 95% CI) of disinfestation (phase 3). The Þnal phase (phase 4) of the research involved the treatment of a large number of the most cold tolerant life stage individuals to determine whether the process would meet the Probit 9 level requirement.
The research was conducted at the research facility of the International Centre of Insect Physiology and Ecology (ICIPE) situated in Nairobi, Kenya, over 3 yr, phases 1 and 2 in 2009, phase 3 in 2010, and phase 4 in 2011. The procedure to rear B. invadens developed in Kenya (Ekesi et al. 2009 ) allowed ICIPE to supply B. invadens in the large numbers that were required for this research project. IdentiÞcation of the species was conÞrmed using molecular barcoding (COI gene) and voucher specimens have been deposited at the ICIPE Biosystematics Unit. The eggs supplied were Ͻ24 h old and were washed in Sporekill Act 36 (Fungicide) (didecyl dimethyl ammonium chloride) (1 ml/liter) (Hygrotech South Africa [Pty] Ltd., Pyramid, Pretoria North, South Africa) and then rinsed thoroughly in distilled water. The eggs were then diluted with distilled water until Ϸ80 eggs per aliquot was reached.
All Hass avocado used in these experiments were obtained from a commercial farm, Kakuzi, near Thika, central Kenya. With the exception of the Þrst phase (when the fruit was used within hours of arrival) the fruit was placed in plastic Polyair 240 crates (58.5 ϫ 40 ϫ 24 cm) (Kenpoly Manufacturers Ltd., Nairobi, Kenya) in one of two holding rooms (4.369 ϫ 3.360 ϫ 2.400 m or 3.400 ϫ 3.400 ϫ 2.420 m) maintained at Ϸ28ЊC until they were soft to the touch when they were removed to the cold room (2ЊC). Twenty-four hours before the fruit was inoculated they were removed from the cold room, dipped in a fungicide (Sporekill 1 ml/liter) for 5 min and then allowed to air-dry overnight. The inoculation procedure followed the next morning and involved making a hole through the skin and penetrating the ßesh to the pit with a cork borer (6 mm diameter). An aliquot of eggs was then dispensed into the hole that was then plugged with absorbent cotton wool.
The facilities used at ICIPE were two walk-in cold rooms (room A dimensions 3.450 ϫ 2.380 ϫ 2.620 m ϭ 21.513 m 3 and room B 3.460 ϫ 2.470 ϫ 1.900 ϭ 16.24 m 3 ) Þtted with Zanotti Uniblock SP-O refrigeration units (Zanotti S.p.A., Pegognaga, Italy). The temperature was measured using type "T" thermocouples with a tolerance of 0.5ЊC (Temperature Controls Pty Ltd., Randburg, South Africa) and recorded hourly on Grant SQ 2020 IF8 data loggers (Monitoring and Control Laboratories Pty Ltd., Johannesburg, South Africa). Before each treatment the thermocouples were placed into melting ice and on reaching equilibrium the temperature of each recorded. This was performed ten times and the average calculated that was used to adjust for individual thermoprobe variation from 0ЊC. Fourteen of the 16 thermoprobes were placed into individual fruit to measure core pulp temperature. Each of these fruit was then randomly placed in an export carton (360 ϫ 270 ϫ 190 mm) of infested fruit. The other two thermoprobes were used to measure intake and exhaust air of the refrigeration units.
Phase 1: Larval Development in Hass Avocado. Three replicates were undertaken to determine the period each life stage took during their development in avocado. Between 12 and 24 h after harvesting the fruit Ϸ75 eggs were inoculated into each avocado as described above and placed in an incubation room that was maintained at 28ЊC using an oil heater and fan. A mercury bulb thermometer (accuracy was conÞrmed using a 76 mm alcohol thermometer [Brannon, United Kingdom]) was used to measure the temperature at least twice daily. From day 2 to day 6, 10 fruit were removed daily from the room and dissected under a stereomicroscope. The life stages of all the larvae found therein were determined using the following morphological parameters: Þrst instar, extra apical tooth to mandibles; second instar, without the apical tooth; third instar, post anterior sclerite present (C.L.N.T., unpublished).
Most Suitable Fruit. Based on the low survival rate in the above experiment and the increased survival noted in softer fruit, the maturity of the fruit was examined as a factor in supporting development of the eggs and larvae. The density of fruit was determined using a densimeter (Bareiss Analog Fruit Tester Type Shore A; Bareiss, Oberdischingen, Germany) and divided into the following groups: Ͻ60, 60 Ð 65, 65Ð70, 70 Ð75, 75Ð 80, 80 plus Shore (a unit of measurement equal to 0.0025 mm penetration). Seventy-Þve eggs were inoculated into each fruit as described above. Fruit was then placed in a room at 28ЊC for 5 d and then dissected. Each fruit was split into numerous segments and the whole fruit was examined under a stereomicroscope using knives and forceps to pick through the material. The number of live larvae was recorded.
Phase 2: Most Cold Tolerant Developmental Stage. Using the information of life stage development obtained in the above experiment, the most cold tolerant life stage aspect of the trial was undertaken. Approximately 75 eggs were inoculated into 463 fruit having a density of 70 Shore or less and held for 6 d at 28ЊC (6 d-old larvae). Three days later a another batch of 432 fruit was inoculated with some 75 eggs per fruit and stored at 28ЊC for 3 d (3 d-old larvae consisting of Ϸ50% Þrst instars and 50% second instars). On the day of cold treatment another batch of 343 fruit was inoculated with some 75 eggs/fruit. With the exception of the untreated control fruit (50 fruit from each of the egg, 3 d-old and 6 d-old larvae trials) the fruit was subjected 2ЊC cold treatment. Approximately 50 fruit from each life stage batch was removed after 3 d of cold treatment and placed at 28ЊC for 5 d (eggs), 3 d for 3 d-old larvae and 24 h for 6 d-old larvae and then dissected. The numbers of live and dead larvae were recorded. If eggs did not develop into larvae or larvae did not move after prodding they were considered dead. This process was repeated every second day thereafter until at least two consecutive occasions produced no live animals. The data were analyzed using regression analysis (Probit) (Statgraphics Plus Version 5.1, Statpoint Technologies Inc., Warrington, VA).
Phase 3: Time Required to Disinfest Avocado of Most Cold Tolerant Life Stage. Using the information obtained in the cold tolerance trial, 3,727 fruit were inoculated as described above and placed at 28ЊC where they were kept until they reached the most tolerant life stage (6 d-old or third instar). Approximately 10% of the fruit (control) was dissected and the rest were placed in the cold room. Over the next 48 Ð96 h the pulp core temperature of the fruit was lowered to 2ЊC although the experiment was deemed to have begun on placement of the fruit in the cold room. After 3 d of cold treatment a portion of fruit was removed and placed at 28ЊC for 24 h. Thereafter the fruit was dissected and the number of live and dead larvae determined as previously described. This process was repeated every second day. The trial was replicated twice more with 4,108 and 2,848 fruit. The data were analyzed using regression analysis (Probit) (Statgraphics Plus Version 5.1).
Phase 4: Probit 9 Verification of Treatment. Four replicates were treated as follows: After inoculation with between 68 and 82 eggs per fruit, the fruit was placed at 28ЊC for 6 d (allowing larval development to third instar life stage, the most cold-tolerant). A minimum of 500 fruit were dissected as described above using a binocular optical magniÞer (OptiVISOR, Donegan Optical Company, Lenexa, KS), the number of live and dead larvae determined (control). The rest of the fruit (Ͼ3,000/replicate) was placed into export cartons and packed Þve layers high (as the exporter would stack a commercial consignment albeit not to the same height) on a wood pallet in the cold room. Thermoprobes in sound avocados were randomly placed within individual cartons but not in the lowest and uppermost layers. The temperature was lowered in a controlled fashion so that the desired temperature (2ЊC) was reached between 2 and 3 d of the fruit being placed in the cold room. The trials were deemed to have begun when 50% or more of the thermoprobes had reached the target temperature and were terminated shortly before the prescribed 18 d period (in previous research some authorities considered this to be important). The fruit was then removed and transferred to the 28ЊC holding room for 24 h. Over the following 3 d each fruit was dissected by divided into quarters and then each quarter was examined thoroughly by breaking up the pulp with forceps and knives under magniÞcation and the number of living larvae recorded as previously described.
Results
Phase 1: Larval Development in Hass Avocado. By day 2 all the larvae were in the Þrst stage of development (Table 1) . By day 3 and 4 the majority of the larvae were in the second instar. By day 5 there were similar numbers of second and third instars but the following day, third instars were dominant.
Most Suitable Maturity of Fruit to Be Used. The results of these tests are illustrated in Fig. 1 . There was Fig. 1 . Bactrocera invadens larval survival in ÔHassÕ avocado of different densities. A low Shore rating indicates a soft fruit which equates to a ripe/ripening fruit. Error bars represent one standard error about the mean using the individual fruit as replicates. a good correlation (R 2 ϭ 98.57) between the hardness of the fruit and survival of larvae indicating that ripeness (maturity and softness) has an inßuence on the survival of the insects while within the fruit.
Phase 2: Determination of the Most Cold-Tolerant Stage. The cold chamber temperature was brought down to the target temperature of 2ЊC (Ϯ0.5ЊC) within 3 d of the fruit being placed and maintained over the trial period (data not shown). Probit analysis on the life stages tested (Table 2) indicated a large overlap in their Þducial ranges (Table 3 ) and based on the upper Þducial limit of 11.80, the 6 d-old larvae were deemed to be the most cold tolerant. The results of Þtting a Probit regression model to describe the relationship between larval mortality and one independent variable are: In all three studies the P values for the model in the analysis of deviance are Ͻ0.01, indicating there is a statistically signiÞcant relationship between the variables at the 99% CL. The percentage of deviance in mortality (eggs), mortality (3 d-old larvae), and mortality (6 d-old larvae) explained by the model equals 87.52, 97.59, and 87.45%, respectively, a statistic similar to the usual R 2 statistic. The following adjusted percentages, which are more suitable for comparing models with different numbers of independent variables, are 85.72, 95.75, and 85.65% respectively (Statgraphics Plus Version 5.1). Based on these results it was determined that the mature larvae were the most cold tolerant life stage. This stage was used in further evaluations.
Phase 3: Determining the Time Required for Most Cold-Tolerant Life Stage Subjected to Ϸ2؇C Cold Treatment to Reach a Probit 9 Level of Disinfestation.
The temperature of the cold rooms was brought down to the target temperature of 2ЊC within 3 d and the average thermoprobe reading were maintained at that level for the duration of the trial (data not shown). In total, 143,846 individual B. invadens third instars were subjected to treatment (Table 4 ) and analysis of these data indicate that the length of cold treatment that will disinfest Hass avocado to a Probit 9 level is 16.0 d (Þducial limits 15.5Ð16.7). Analysis of the combined result of the three replicates shows the equation Þtting a Probit regression model to describe the relationship between larval mortality and one independent variable (Statgraphics Plus Version 5.1) to be: Mortality ϭ Ϫ0.435566 ϩ 0.219776*days Because the P value for the model in the analysis of deviance is Ͻ0.01, there is a statistically signiÞcant relationship between the variables at the 99% CL. The percentage of deviance in mortality explained by the model equals 88.65%. The adjusted percentage, which is more suitable for comparing models with different numbers of independent variables, is 88.55% (Statgraphics Plus Version 5.1).
Phase 4: Validation of Probit 9 Level of Disinfestation. There were no survivors in the estimated 153,001 (estimation based of the extrapolation using the percentage survival of live insects in the control group) third instars subjected to the cold treatment for Ͻ18 d (Table 5 ). The cold chamber temperature graphs are shown in Fig. 2 . The average mean hourly temperature over the four replicates was 2.0ЊC with an average of the maximum hourly temperature measurement of 2.8ЊC and an average of the minimum hourly temperature of 1.5ЊC.
Discussion
In general Persea americana has been established to be a poor or nonhost to numerous species of fruit ßies. In South Africa Hass avocado was assigned a condi- (Du Toit and TufÞn 1980 , De Lima 1995 , Brink et al. 1997 , Willink and Villagran 2007 . It can potentially be infested by Ceratitis rosa (Karsch) or C. cosyra, but Hass avocado is a poor host (De Graaf 2009). C. cosyra has not been found in avocado from South Africa although it has been reported from Zimbabwe (Hancock 1989) . This pattern appears to be consistent with respect to other genera of fruit ßies, and avocado is not considered a host to four Anastrepha species in Mexico (Aluja et al. 2004) and is a poor host to Bactrocera dorsalis (Hendel) in Hawaii (Armstrong et al. 1983 , Liquido et al. 1995 . In East Africa it is also a poor host for B. invadens (Mwatawala et al. 2006 ; A.B.W. and C.L.N.T., unpublished data). The poor host status attributed to avocado appears to be inherent in the fruit qualities that are cultivar dependent (Hennessey et al. 1995 , Aluja et al. 2004 . Hass avocado have a medium to hard leathery exocarp that turns purple/black on maturing (ripening) (Newett et al. 2002) . The thickness and hardness of the exocarp forms a physical barrier that the fruit ßies struggle to overcome (Oi and Mau 1989, De Graaf 2009) . Once this barrier is overcome the insect must then contend with callus formation and tissue regeneration (Kay and Schroeder 1963, Smith 1973) . The Þnal factor that inßuences host susceptibility is maturity or ripeness (Oi and Mau 1989 , Enkerlin et al. 1993 , Grove 2001 , Aluja et al. 2004 ; this study). The antibiosis effect of immature avocado is readily noted in the survival of eggs and young larvae. Mwatawala et al. (2006) collected 23 samples of avocado from the Þeld and found a single specimen of B. invadens. Ware and du Toit (unpublished data) found only 18 avocados from 875 kg harvested fruit were infested C. cosyra larvae, probably secondary infestations after false codling moth damage.
Historically Probit 9 level (99.9968%) has been used as the level at which fruit ßy disinfestation of a commodity is judged to be acceptable (Baker 1939) . At a 95% CL there should be no survivors in 93,613 individuals tested (Couey and Chew 1986, Follett and Neven 2006) . Probit 9 may be too stringent an endpoint for those commodities that are rarely infested or are poor hosts (Landolt et al. 1984) . Two other approaches need to be considered in these cases. The Þrst being alternate treatment efÞciency approach which measures risk as the probability of a potential mating pair (or reproductive individual in the case of gravid females or a pathenogenic organism) surviving in a regulated fruit consignment (Follett and McQuate 2001) . The second is the maximum pest limit approach that focuses on survival rather than mortality and qualiÞes the maximum number of insects that can be present in a consignment during a speciÞc time at a speciÞc location (Baker et al. 1990) .
Young larvae (Ϸ50% Þrst instar and 50% second instar) of Ceratitis capitata (Wiedemann) were deemed to be most cold tolerant life stage in ÔClem-entinesÕ (Ware et al. 1999) while Jessup et al. (1993) found the second instar to be most cold tolerant in ÔEurekaÕ and ÔLisbonÕ lemons. In contrast Hill et al. (1988) found that the third instars were most cold tolerant in ÔValenciaÕ and ÔNavelÕ oranges but De Lima et al. (2002) used second instars for Valencia and Navel oranges and ÔEllendaleÕ and ÔMurcottÕ tangors. Powell (2003) analyzed the data of Back and Pemberton (1916) and determined third instars were most cold tolerant in apples, peaches, and kamani nuts. Young instar (Ϸ50% Þrst instar and 50% second instar) C. capitata and third instar Ceratitis rosa Karsch were found to be the most cold tolerant in litchis Ware et al. (2004a) and persimmon (Ware et al. 2004b ). Sproul (1976 determined that third instar C. capitata was most cold tolerant in ÔGranny SmithÕ apples. The use of third instar B. invadens as the most cold tolerant life stage is supported by the research in citrus of Grout (2011a) . In conclusion it would appear that fruit ßy species, different experimental procedures (i.e., precooling times, etc.), fruit types, and different temperatures used may inßuence survival of the different life stages. The time taken to bring the temperature down to the target was between 2 and 3 d, and was similar to the time reported in Grout et al. (2011a) . However, the variance about the target fruit pulp temperature in our study was wider than theirs, possibly because in this study we opted to pack the fruit in a fashion similar to that used during commercial avocado transport. Consequently, the cooling of the fruit was relatively slow in the innermost crates and faster in the outmost fruit. This variation in temperature was noted by Tanner and Amos (2003) . The longer the consignment of fruit was refrigerated the less the temperature varied. This method is considered conservative and should mimic the conditions that occur in commercial shipping practices.
Comparison with other disinfestation treatments and commodities is difÞcult because of different hosts and different temperatures used. In a study by Grout et al. (2011a) Valencia oranges (Citrus sinensis L. Osbeck) were used as the host for B. invadens at a target temperature 1.1ЊC for 16 d with survivors (n ϭ 50,153 with three survivors) and at 0.5ЊC for 16 d with no survivors (n ϭ 65,752). In contrast Hallman et al. (2011) did a small scale study using B. invadens in media and demonstrated its susceptibility to a cold treatment of 0.94ЊC for 11 d (n ϭ 104). The nonviability of eggs in ripe avocado host fruit was similar to that of Valencia oranges (80% compared with 83% in avocado) (Grout et al. 2011a) and is comparable to that found for C. capitata in oranges (Grout et al. 2011b) and Granny Smith apples (Spoul 1976) . The rate of larval development was similar to that found in oranges (Grout et al. 2011a) .
The above results support a commodity treatment of 1.5ЊC for a period of not Ͻ18 d to disinfest avocado of Bactrocera invadens (to a Probit 9 level with a conÞdence level of at least 99%). The information provided by this research should aid authorities of any importing country in developing a quarantine mitigation treatment for B. invadens and Hass avocado. 
